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Theoretical values of the 2« a-particle counting rate, C,,, including scattering, divided by the
Jisintegration rate, Ny, are calculated for a-particle sources mounted on flat backing materials.
‘The theoretical values (Part I) and experimental values (Part II) are in good agreement, and

show that
(&) Gy, Np values as a function of «-particle energy and source thickness can be calculated on

7+ the basis of a simple physical model.
(b) The scattermg correction, expressed as a fraction of the disintegration rate, decreases with

- increasing source thickness.
‘c) The g-particle scattenng in uranium-oxide is much less than the scattering in platinum,in

" disagreement with previous estimates.

Fhe calculations are readily extended to other source compositions and e-particle energies.

INTRODUCTION

ATIONAL BureAu of Standards has, for
ears, produced and calibrated a-particle
vity standards. For reasons of stability
nvenience, such wa-particle sources are
nly mounted on flat meta‘l‘backings, such
¢-possible solid angle for emission is 2
. 'When such a source is measured in a
ha.vmg 27 geometry, the 2 counting
is not one-half of the dxsmtegratlon
however, because some of the a-parti-
Ily emitted downward are backscat-
the sensitive volume of the counter,
¢ of the a-particles initially cmitted-up—
scattered andfor absorbed in the
As a result, the measured C,,/N, ratio
1gmﬁcantly from 0-50, depending upon
osition and thlckness of the backing
ource material.

ér to accurately determine N, from a
1entt of €y, the corrections for scatter-
elf-absorption must be well known, A
ements and calculations of Gy, /N,

on of the National Bureau of Standards,
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have appeared in the literature,1-3 but, in
general, the uncertainty inthe reported values is

‘unacceptably large for our purposes. In Part I
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of this paper we present a simple method for
accurately calculating C,./N,, based upon the
following assumptions:

(1) A large number of a-particles emitted
from the same initial position with identical
velocity vectors will not all have the same final
position. Because of small-anglescattering along
the trajectory (the probability of large angle
scattermg is negligible), the distribution of final
positions is Gaussian about the mean final
position. ~

(2) The Gaussian distribution about the mean
final position is spherically symmetric, so that
the probability of a final position different from
the mean by an amount Ay is independent of the
‘initial angle of emission. Hence, the calculation
can be carried out in terms of a one-dimensional
Gaussian distribution. )

(8) For a-particles that pass through more
than one material, the standard deviation, ¢,
which characterizes the Gaussian distribution at
the end of the trajectory, can be calculated in
terms of the o values for each of the materials
along the trajectory.

In Part IT of this paper we present additional
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experimental evidence that confirms the accu-
racy of the theoretical calculations.

THEORETICAL

The ratio Gy, /N, may be calculated using the
model shown in Fig. 1. The model consists of an
active source layer of thickness 4, a front ab-
sorber of thickness £, a backing material of thick-
ness b, a very thick rear mounting material, and

COUNTING
GAS

ABSORBER
SOURCE ( Y,

BAGKING \

REAR
MOUNTING

Yool

Fic. 1. The model used to calculate G, [N,.
(All of the parameters (source thickness, backing
thickness, etc.) are in dimensionless reduced
form, obtained by expressing them as a fraction
of the e-particle range in the same material.
Thus the total range always has a value of 1,
The scattering is shown greatly exaggerated.

a very thick layer of counting gas. The layers
are assumed to be homogeneous, parallel, and
" Jaterally semi-infinite. As a matter of mathe-
matical convenience, the thickness of these
layers, as well as all of the other distances in this
calculation, are expressed in dimensionless re-
duced form. This dimensionless reduced form is
obtained by dividing the distance in physical
units (e.g. cm) by the a-particle range in the
same material. 'With all of the distances expressed
inthis reduced form, the total range alwayshasa
value of 1. Because of small-angle scattering
along the trajectones, o-particles emitted from
the same initial position with identical velocity
vectors exhibit a distribution in position at the
end of their ranges. The endpoint distribution
is approximately Gaussian and approximately
spherically symmetrical about the mean end-
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point.* This Gaussian endpoint distribution is
characterized by its standard deviation, g,
which is a function of the projectile charge,
velocity, and mass and of the material(s) tra-
versed.

To evaluate C,,/ N, weintegrate over all initial
positions from y, = —d to y, =0. For eact
initial position, ¥, we integrate over all mean
final positions from y; =y, — 1 to 3, = 3, + L.}
For each initial and mean final position, y, and
s, the Gaussian endpoint distribution is deter-
mined. Particles with an endpoint .above the
line y = t are assumed to be counted; particles
with an endpoint below this line are not counted.
The value of C,,/ N, is then given by

C27r 1 Yg=0 fv,=v‘,+1 J'Av=+oo
2d Jyy=—a Ju=yp—1 _t—y,

—Ay
X exp( 3o8 )dAydyf dp. (1)

A

If values of the probability integral are available
only for positive Ay, the inncrmost integral in
equation (I) may be rewritten as

A¥=4c0 1

—Ay
1=f o e o (5o )dAy, @

* The a.pp_roximatcly Gaussian nature of the end-
point distribution in both fthe longitudinal and
transverse directions is well documented. See, for
example,:45.8.8), Although no single experimenter
has measured both the longitudinal and transverse
end-point distributions in the same material, com~
parison of the results of different experimenters:®)
suggests that the two distributions are the same to
within the experimental error.

+ Consider a unit sphere about the point o The
suriace area. on this sphere that lies between thc
planes y =3’ a.nd y=3 +dyis mdependcnt of
for gy — 1 £3' <y + 1. Hence it is more conven-
ient to integrate over the mean final 2y value, yy,
than to integrate over the angle of emission, 6. The
eqmvalence of the two integration variables may be
seen by noting that

d = m“smﬂd@ = 2qr = constant,
cly,o' " rsin 0 0 "= ?

where § is the angle between the » axis and the mean
particle trajectory.
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;) < 0. Equation (1) can also be
‘the form}
d, 1, o) = Cyof Ny (d, 8, 0= 0)

+ B(b3 d: t’ d).’ (3)
Jefined as the scattering correction. || ||
érm on the righthand side of equation
§ Cyuf Ny for the case where there s no

oblem thatremainsis to evaluate g as a
* 9o and y;. We approximate the
3 at the end of each trajectory as the
ummation of the variances in each of
1s along the trajectory.§ The weight-

4 £) < 1, the first term on the righthand
tion (3) can be written in non-reduced

, 8, ¢ = Q) = 0:5(1 — d[2R, — RS,
and R, are the a-particle ranges in the
d the source, respecﬁve]y, and all of the
are expressed in physical units. .
éattering correction, B, is often referred
jackscattering.” In general, however, the

cles emitted in the forward dircction
reach the sensitive volume if there were
g, but which are scattered back into the
backing or absorber) before reaching the
as

cles emitted in the forward direction that
reach the sensitive volume if there were
g, but which are scattered out of the
cking or absorber) into the counting gas.
es emitted in the backward direction
éattéred back into the forward direction
‘the counting gas.

sense, only contribution (c) is really

orkers found that the mean scattering
ence the & value, of a-particles traversing
vas approximately proportional to the
the metal./ More recent work with
and gases as scattering materials®:)
ts that are in better agreement with a
case in variance along the trajectory. A
dy of «-particlc cncrgy straggling in UO,
8 oives results that are somewhat inter-
Joser to a linear increase in variance.
e between C, [N, calculated using a
mmation of standard deviations, o,
culated using a weighted summation of
2 maximum of 0:0010 and an average
05 ( < 019 of ([ N,) for the present
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ing factor is the fraction of the reduced range

spent in each material. The value of ¢ as a

function of yg. and y; is then given by thefollowing
equations, ‘where d,, 03, 0,; 0, 2and 0, are the
standard deviations of the seattering in the ab-
sorber, the backing, the counting gas, the rear
mounting, and the source, respectively.

t <y <+ 1)y 0= o (-2)C
+ 0MC + 0,(1 + (3 — D/C);
0 <y <t 0 =0(-)C
+ a1 +2/C);
—d <y, <0, (4)
—(b +d) <y; < —d, o* =} (—d—2)[C
+ G'ba(l -+ (J +J’o)/-n);
(Po— 1) 2= —(b+4d)s
@® = 0(—d — 3)|C + o*(—b)[C
+ 01 + (b + 4 +29)[C);

0 == 0y

where

C =9 Do
The value of ¢ for solid materials can be deter-
mined by noting that if d = ¢=10,4 = 1, o, is

negligibly small,]| and o is stall compared to 1
{ov < 0-3), then equation (1) becomes eimply |

Czt/No = 0'5(1 + Ob {2_11;)

= 0:5(1 + 0-3990). (5)

| The scattering in gases is actually quite small
(see Table 1), but not completely negligible, How-
ever, g, is assumed to be effectively zero, based upon
the argument that a-particles scattered out of the
gas probably still lose enough energy in the gas to be
counted.

f[Equation (5) is equivalent to the result of Craw-
FoRDW! for this case only. CrawrorD defines his
backscattering B’ such that

2B = B' =0-4020,
where 0402 is Crawiorp’s value corresponding to
A/ fl. and @ is the RMS scattering angle. Hence,
s

there i3 a direct correspondence between ¢ and
CrawrorD’s value of ® at the end of the particle
range under fthese conditions.
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TasLe 1. Values of ¢ for a-particles in various scattering materials.
Scattering Coul Ny ) I 4 g
material (5-31 MeV) Ref. (5-31 MeV) n (464 MeV) 419 MeV)
Be 0-4997» 9 <0-001® 1-57 <0-001¢ <0-001
G 0-5002 9 ~0-001 1-60 ~40-001 ~0-001
Al 0-5020 9 0-014 1.45 0-015 0-017
Ti 0-5043 9 0-026 1-53 0:028 0-031
Stainless Steel 0-5052 9 0-030 1:46 0-033 0036
Fe 0-5053 9 0-030 1-45 0-033 0-036
Ni 0-5058 9 0-033 1-39 0-036 0-039
Monel 0-5058 9 0-033 1-39 0-036 0-039
Brass 0-5061 9 0-035 1:36 0-038 0-041
Cu 0-5061 9 0-035 1-37 0-038 0041
Ag 0-5107 9 0-058 1-41 0-063 0-068
Ta 0-5174 9 0-091 1.28 0-099 0-106
Pt 0-5187 9 0-098 1-32 0-107 0114
Au 0-5189 9 0-099 1:32 0-108 0-115
This »
UyO04 0-5049 work 0-026 1-30 0:028 0-030
UO, e [ 0-030 1-29 0-033 0-036
Air —_— 5 0-010 1-58 0-012

0'011

(a) ‘The Cz,,/Nn values shown for metals were calculated using the least squares equation given in reference

9 for 21990 in thin (d & 1073) collodicn films.

(b) The o values for 5:31 MeV «-particles in the metals and in Uaos have been adjusted to d =0 (and
b > 1 for U;Oy) by means of a self-consistent calculation using equations (1) and (4). In this calculation a
o value of 0-010 was assumed for 5:31 MeV «-particles in collodion.

(c) The o values for 464 and 4-19 MeV a-particles (with the exception of UQ,) were calculated from the
g values for 5:31 MeV «-particles using equation (11) and the # values shown. The o values shown for VO,

are all experimental.

Thus the value of ¢ for a solid material can be
evaluated from a measurement of G,,/N, for a
weightless source deposited upon that material
as a backing. Such measurements have been
previously reported for a number of metal
backings using #°Po deposited in a very thin
(d ~ 10-9) collodion film.® These results and
the corresponding values of ¢ are shown in
Table 1. Also shown arc the rcsults of an
identfical measurement using #1%Po in collodion.
on a U3Og backing and estimates of the value of
o for 9Po o-particles in air® and UQ,®
Note that the values of ¢ for UaOg aud UO, are
:signiﬁcantly less than the value of ¢ for platinum,
in disagreement with previous estimates that
they should be approximately equal.™® It
appears that ¢ is approximately linearly pro-
portional to Z for metals and perhaps to the
mean Z of the molecule for compounds such as
UOQ, and UzOs. However, the data presently

available do not permit a meaningful analysis of”
the ¢ vs Z relationship for compounds

For the U0, sources measured in our lab-
oratory, the mean a-particle energy is 4-64 MeV.
{Approxitately 659% of the o-particles are
emitted from the #4U in the source and approx~
imately 35 % from the 285U%%.) For the U0,
sources the mean w-particle energyis 419 MeV.,
In order to evaluate equation (1) for these
sources, it is first necessary to adjust the o (5:31
MeV) values given in Table 1 for the difference
in a-particle energies. The variation of & with
a-particle energy is actually a complicated func-
tion of the properties of the projectile and the
scattering material, but, for energy differences of
less than about a factor of two, we approximate
the variation by assuming that:

{(a) The number of scattering collisions, N, is
approximately proportional to the range in the
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s
N(By) _ R(E)
@ ") ©

jes that the parameter is expressed
ts, rather than in dimensionless

ttering distribution is Gaussian, so

() ) @

ce by defirition

*(F,
o(E) = Jz )
* .
) R*(Ez)
= J (R*(El)) : ©

 of ¢ as a function of energy can
plified if the range ratio can be
an analytic function of «-particle
the range of a-particle energies
'V, the range ratio is given quite
‘7) by the equation

R* R*(E,) (E’)

R*(El) (10)

alue of approximately 1-5. The
quations (9) and (10) gives the
.with energy as

O‘(El) _ ( EE )ﬂ[2
o(By) \EJ ~
yropriate for 3-6 MeV a-particles
scattering materials are given in
.o values predicted by equation

pd 4-19 McV «-particles are also
o values for UO, are experi-

" equations (9) and (11), the ratio
V){o(Pt, 531 McV) was com-
mpared to the expenmcntal data
e predicted ratios are in good
the experimental ratio, suggest-
(9) or (11) may be used with

{r predmfs a similar dependence

some confidence over this-energy range, at least
for a-particles scattered by platinum.

COMPARISON OF RESULTS

Now that ¢ has been determined for UO,,
equation (1) can be evaluated for both 4-64 and
419 MeV a-particles emitted from a UQO,
source of thickness d on a thick (b = 1) platinum
backing.§§ The results are shown in Fig. I,
Part II, along with the experimental points for
our %8UQ, sources. Also shown are the results
of Gorp and Armant® and Warre® for UsOs
sources evaporated on platinum backings. The
diagonal straight line corresponds to self-absorp-
tion but no backscattering (¢ == 0). The lower,
heavy curvc shown was calculated using equa-
tions (1) and (4) with b > 1, o ==0-107, 0, = 0,
o ==0-033, and £ =0. T his corresponds to
464 MeV oc-parmcles in *UO, on a.thick
platinui backing (see Table 1). It also corre-
sponds very closely to the conditions for the
Us0; foils of GoLp and Armama® (4-76 MeV)
and Warre® (4-7 MeV). The upper, dashed
curve was calculated for 4:19 MeV «-particlesin
38U, (0 = 0-114, g, = 0-036). The differ-
ence between the two calculated curves is small,
typically 0-0005-0-0010 (0-1-0-2% of Cy/Ny).
Thus, to within an uncertainty of 0-1-0-27%;, a
single curve can be used for all UQO, and UsOy
sources on thick platinum backings.

An important difference between the present
calculated results and the previous calculations
of CrawrorD® is that equation (1) predicts
that the scattering correction decreases rapidly
with increasing source thickness,-rather than

+% Note that the o‘value for 531 MeV a-particles is
lower when the #1%Po is deposited directly on the
poluhed platinum backmg (Table 2) than when the
A0Pp js suspended in a thin collodion film (Tablc 1).
This is possibly due to absorption caused by minute
surface irregularities.® The effect should be
comparable, or perhaps slightly greater, for the
3-18 MeV «-particles. The experimental ¢ ratio for
210Po and 148Gd sources in collodion film on platinum
backings would therefore be expected to be compar-
able to, or slightly greater than, the experimental
ratio shown in Table 2.

§§ A FORTRAN program for evaluating C,,[N,
using equations (1) and (4) with any combination
of source parameters is available upon request to the

S AP
Anutnaos.
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‘Tasre 2. Calculated and experimental ¢ ratios for 3-18 and 5-31 MeV a-particles
in platinum

«-Energy o(Pt, 318 MeV)/o(Pt, 5:31 MeV)
Source (MeV) o(Pt)® Experimental Equation (9) ‘Equation (1)
Gd148-1 3.18 0-121 + 0-007 1-38 4 0-14 140 1-40
Po210-1 5:31 0-088 4 0-008

(2) From Table 1, Part II, of this work.

remaining constant. The primary reason for
this difference, as pointed out by Warre®, is
that CRawFORD’s calculation ignores the scat-
tering in the backward directjon. This rapid
decrease in B with increasing source thickness is
predicted to occur even when op and g, are
identical (Fig. 2). -

The largest uncertainty involved in comparing
the calculated and experimental G,/ N, values in
Fig. 1, Part I, is due to the unccrtamty in the
value of the oc-partl_clc range'in UO, and UsOs.
The value of d for the experimental points is

0.020]

0.015

0.0i0

0005k

0.000

Fig. 2. The scattering correction, B {as defined
in -equation (3)), vs the source thickness, d, for
sources with o, equal to 6,. The values of the
other variables are: 6>1; ¢t =0; o, =0.

equal to d*/R¥, and hence the uncertainty in
the value of R* resultsin an equal uncertainty in
d. A comparison of calculated and experimental
a-particle ranges in UO; and UpOs is shown
in Table 3. None of the available range
tables®2%13)  gives the range in UO, or
UsOg explicitly, so the range in these materials
was estimated using the equation(»u-)

1 wo ‘
R (B) —B&E) T R

Here Ry,0(E), R§(E) and RY G(E) are the
ranges of an «-particle of energy E in the ura-
niumoxide,in pureoxygen,and in pureuranium,
respectively, and w, and wy are the weight
fractions of oxygen and uranium in the uranium.
oxide. It should be emphasized that equation
(1 2), despite common use, is only a crude approx-~
imation to the range in chemical compounds.

As shown in Table 3, the error involved can
exceed 30 %. "The ranges calculated using equa-
tion (12) were used, however, to determine the
range ratio for a~particles of the same energy in
UO, and UsOg. This ratio and the experi-
mental range data for a-particles in UO, were
then used to calculate the w-particle ranges in
Us0s. Approximate range values for -collodion
are also given in Table 3.

(12)

CONCLUSIONS

(1) The o-particlescatteringin UO, and UsOs
is much less-than the scattering in platinum, in
disagreement with previous estimates.

{2) The scattering correction, expressed as @
Jfraction of the disintegration rate, decreases with
increasing source thickness.

(3) An equation is presented and tested that
relates the relative a-particle scattering to the
relative a-particle energy.
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Tasce 3. a-particle ranges in UQ, and UzO,4
. Range (mg/cm?)
w-Energy From range tables Other Experimental
{(McV) Ref. 11% Ref. 12 Ref. 13 Ref. 3 Ref. 6
5 129 157 15-2 12:5 + 0-2
4-76 11-1 13-6 13-1 10-7 .4- 02
470 109 13-4 12:9 10-5 4 0-2
4-64 10-6 13-1 12-6 10-3 =+ 0-2
419 9.2 116 111 90 02
531 121 1445 141 . 1146
476 10-3 125 12-1 10-0
470 101 12-3 11-9 11:2 981
464 99 12:1 117 96 1
419 8'6 10-7 10°2 83t
531 3-8 40 — —
5-31 0-94 0:92 0-93
476 0-93 0-92 0-93
4-70 0-93 0-92 093
4-64 0-93 0-92 0-93
4-19 0-93 0-92 0-93
tons of equivalent E[M.

Gaussian-scattering model is
Couf Ny for 2500, and U0,
tion of source thickness. The
ts are in good agreement with
tal data. The calculation is
to a wide varicty of other
ns.
dard deviation of the scattering,
fraction of the a~particle range,
imber of scattering materials.
eases approximately linearly
For chemical compounds,
UsOs, o appears to be propor-
1 Z of the molecule. However,
presently available do not per-
ul analysis of the o vs Z relation-
ds in general.
8 such as equation (12), which
mine particle rangesin chemical
on the basis of the particle
stituent elements, are often
Such géxpressions should be
. Experimental range data for
unds are usually much more
uld be used if available.

1.

2.
3.
4.
5

6.
7.

8

10.

)-93 times-the range in UQ, for a-particles of the same energy.
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